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Introduction
The quest for switchable magnetic compounds represents one of the major topics in the field of molecular magnetism. One of the most typical examples of molecular switching in the solid state is that of spin-crossover (SCO) compounds. These systems can interconvert between low-spin (LS) and high-spin (HS) states as a result of different stimuli, like a change in temperature, pressure, the application of electric and magnetic fields, by light irradiation, or by adsorption/desorption of guest molecules [1] [2] [3] [4] [5] .
It is well-known that the SCO phenomenon is explained from ligand-field theory considerations [6] . The LS state is the ground-state of SCO compounds, being the stable state at low temperatures and involving high ligand-field strength, while the HS state becomes stable at high temperatures and involves low ligand-field strength [7] . Usually, the LS to HS spin transition encompasses an increase of the metal-ligand bond lengths and, indeed, the interplay between the ligand field strength dependence on the metal-ligand distance and the electron-electron repulsion can be considered the mainspring for the SCO [6] . Most commonly, spin crossover compounds contain Fe(II) in a 3d 6 electronic configuration, the spin transition occurring between a diamagnetic LS state (S = 0) and a paramagnetic HS state (S = 2), and a number of them present an N 6 first coordination sphere. For these compounds, the change in the Fe-N distances from the LS to the HS state is typically~0.2 Å [8, 9] . The structure around the central ions has therefore a particular relevance for understanding the properties of these compounds [10] .
A particularly successful synthetic route for spin-crossover compounds with interesting functional properties is that of the SCO Hofmann-type coordination polymers, where cyanometalate complexes connect the SCO centres forming extended networks with different dimensionalities and topologies [11, 12] . Since the first compound of this type reported by Prof. Kitazawa in 1996 [13] , a number of SCO compounds with a large display of functional properties have been described [3, 14] . Some time ago we reported the synthesis and characterisation of the 2D spin-crossover compound Fe(py) 2 [Ag(CN) 2 ] 2 (py = pyridine) [15] , and later we described the magnetic, photomagnetic, calorimetric, Mössbauer and reflectivity studies of the derived Fe(X-py) 2 [Ag(CN) 2 )] 2 family (X = H; 3-methyl; 4-methyl; 3,4-dimethyl; 3-Cl) [16] . The main characteristic of this series is the two-step character of the transitions in most of the compounds, which is also observed in the relaxation of the photoinduced HS metastable state. The compounds derived by halogen substitution in the position 3 of the pyridine, Fe(3-Xpy) 2 [M(CN) 2 ] 2 (X = F, Cl, Br, I and M = Ag, Au) have been reported by the group of Prof. J. A. Real [17, 18] . The 3-Fpy derivatives also present two-step transitions (at ambient pressure for the Ag compound and at 0.18-0.26 GPa for the Au one). In turn, the use of the bicyclic ligand 1,6-naphthyridine, has allowed a wide thermal hysteresis centred near room temperature to be obtained [19] . In other closely related systems, also derived from [M I (CN) 2 ] -(M I = Ag, Au) building blocks, like Fe(3-F-4-methyl-py) 2 [Au(CN) 2 ] 2 [20] or Fe(4-(3-pentyl)py) 2 [Au(CN) 2 ] 2 [21] , two-step transitions are also observed. Finally, opening the focus to the Fe(II) Hofmann-like coordination polymers constituted of [M II (CN) 4 ] 2-(MII = Ni, Pd, Pt) building blocks, multistep spin transitions are also found [22, 23] . Therefore, it is worth trying to shed light on the origin of this frequent feature in this type of compounds. In some of the cited cases, a structural inequivalence of different SCO sites in the intermediate phases is at the origin of the multistep behaviour [22] . But, unfortunately, there is a lack of precise structural information of some of these systems due to the difficulties in obtaining single crystals. In this work we report on the structure of Fe(3,4-dimethyl-pyridine) 2 [Ag(CN) 2 ] 2 . This compound shows a clear two-step behaviour in the magnetic susceptibility and heat capacity curves in the region of the spin transition [16] , which starts at ca. 200 K and spans in a temperature range of around 90 K with a plateau at around 155 K ( Figure 1a ). The relatively abrupt steps are centred at ca. 170 K and 145 K, with around 47% and 53% of spin conversion, respectively, and with practical absence of residual fraction of high-spin species at low temperature [16] . In this work, the crystal structure of Fe(3,4-dimethyl-pyridine) 2 [Ag(CN) 2 ] 2 has been solved and its temperature dependence followed by means of single-crystal and powder X-ray diffraction. 
Materials and Methods
Fe(3,4-dimethyl-pyridine) 2 [Ag(CN) 2 ] 2 was synthesized as described previously [15, 16] . Single crystals were formed by a slow diffusion method after more than 2 days at room temperature from an aqueous mixture of (i) FeSO 4 (NH 4 ) 2 SO 4 ·6H 2 O and 3,4-dimethyl-pyridine in 10 mL of water and (ii) K[Ag(CN) 2 ] in 10 mL of water. The colour of the samples changed from white (powder)/colourless (crystals) at room temperature (HS) to purple at low temperature (LS). The elemental analysis of the samples confirmed the organic contents.
The crystal structures were determined by single-crystal X-ray diffraction using a BRUKER APEX SMART CCD (Bruker, Billerica, MA, USA) area-detection diffractometer with monochromatized Mo Kα radiation (λ = 0.71 Å) at 298 K, 155 K and 90 K. The diffraction data were treated using SMART and SAINT (Bruker (2012). Bruker AXS Inc., Madison, WI, USA), while the absorption corrections were performed using SADABS [24] . The structures were solved by direct methods with SHELXTL [25] . All non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were generated geometrically. Graphical representations of the structures were produced using the program VESTA [26] . COD 3000244 and 3000245 contain the Supplementary Materials crystallographic data for this paper. These data can be obtained free of charge via http://www.crystallography.net/search.html.
Powder X-ray diffraction patterns were recorded at room temperature, 210 K, 155 K and 80 K using a D-max Rigaku system, with a Cu rotating anode generator operated at 35 kV, 80 mA and a graphite monochromator to select the CuKα radiation.
Step-scanned patterns were measured between 2Ө = 5 • and 60 • (in steps of 0.03 • ). Data have been analysed using the FULLPROF program [27] .
Results and Discussion
The crystal structure of Fe(3,4-dimethyl-pyridine) 2 [Ag(CN) 2 ] 2 in both the HS and LS states was determined by single-crystal X-ray diffraction at room temperature and 90 K, respectively. At these temperatures the crystals of this compound are respectively colourless and purple (Figure 1a ), which is an indication of the spin transition. An additional structural determination was performed in the plateau region, at 155 K (see below). The compound crystallizes in the monoclinic P2 1 /c space group, which is maintained after the spin transition. There is only one crystallographically independent Fe(II) site in both high-temperature and low-temperature structures. The Fe(II) atom is surrounded by six N atoms corresponding to four CN groups belonging to two crystallographically independent [Ag(CN) 2 ] − units in the equatorial positions and two 3,4-dimethyl-pyridine ligands in the axial ones ( Figure 1b) .
At room temperature, we distinguish two types of Fe-N bond distances, the axial ones [Fe-N(1) = 2.211(4) Å; Fe-N(2) = 2.208(4) Å] being longer than the equatorial ones [Fe-N(3) = 2.155(4) Å; Fe-N(4) = 2.162(4) Å; Fe-N(5) = 2.162(4) Å; Fe-N(6) = 2.180(4) Å] ( Figure 1 ). These Fe-N distances were consistent with a HS state. The two independent [Ag(CN) 2 ] − units were very similar and display an almost linear geometry; the C-Ag-C bond angle is in the 175.7(6)-177. 9 (2) • range. These groups connect two iron atoms defining chains parallel to the diagonals of the bc-plane, thus forming two-dimensional corrugated layers ( Figure 2 ). The layers are organized in pairs, held together by strong argentophilic interactions ( Figure 2 ), which are attractive interactions occurring between silver centres when two or more low-coordinated silver cations appear in pairs or groups in molecular structures with distances between them lower than the sum of van der Waals radii of Ag atoms (3.44 Å) [28] . The Ag-Ag distance in the double layer is 2.9853(7) Å, while the distance between double layers is 7.1273(8) Å. The two-dimensional mesh is penetrated by the 3,4-dimethyl-pyridine ligands from the upper and lower layers. The stacking of the pyridine rings was held by π−π interactions. Some of the displacement ellipsoids of C atoms, in particular those of the methyl groups, are significantly larger than in the rest of the structure (Figure 1) , probably a consequence of some degree of disorder (static or dynamic) in these groups involving uncertainty in the position of H atoms. dimethyl-pyridine)2[Ag(CN)2]2 deduced from magnetic susceptibility measurements (from Reference [Error! Bookmark not defined.]) and photographs of the crystals at the temperatures of the structural determination. (b) Representation of a fragment of the structure of Fe(3,4-dimethylpyridine)2[Ag(CN)2]2 at room temperature (red) and 90 K (blue) containing its asymmetric unit and atom numbering (excepting H atoms, for clarity) . Thermal ellipsoids of non-hydrogen atoms are represented at 40% probability (H atoms are represented as spheres with arbitrary radius). At 90 K, the structure is isostructural with that at room temperature, but with significant changes related with the spin transition. An overall contraction of the cell is observed (Table 1) , and is more relevant in the bc-plane (parallel to the 2D layers) than in the a-direction. The most significant changes are those associated with the contraction produced in the [FeN 6 ] coordination octahedron associated with the spin transition. The average Fe-N bond distance shortens by 0.219 Å, as expected for a complete SCO in an iron(II) complex. Again we distinguish two types of Fe-N bond distances, the axial ones (Figure 1 ). The contraction in the bc-plane results in slightly more corrugated 2D layers. The Ag-Ag distance in the double layer is reduced to 2.9263(6) Å, while the distance between double layers is slightly increased to 7.1300(11) Å as a consequence of the transition. The larger displacement ellipsoids observed at high temperature are no more present at low temperature; however, the methyl groups make a slight turn to accommodate in the LS structure ( Figure 1 ). The evolution with temperature of the crystal structure of Fe(3,4-dimethyl-pyridine) 2 [Ag(CN) 2 ] 2 across the spin transition was followed by powder X-ray diffraction. The pattern at room temperature perfectly agrees with the structure determined by single-crystal diffraction (Figure 3 ) without any modification of the structural parameters. On lowering the temperature, the pattern at 210 K (just above the transition) closely resembles the diffractogram at room temperature. Changes in some intensities are observed at 155 K (in the plateau of the spin transition), in particular in the 25 • < 2Ө < 30 • region, with the pattern appearing as a mixture of those at room temperature and 80 K, where the diffractogram again corresponds with the structure determined by single-crystal diffraction in the LS state at 90 K. The cell volume decreases continuously with temperature, with the contraction being more pronounced in the region of the spin transition. The volume decrease is mainly due to the contraction in the bc-plane, with the b and c axes showing little variation between room temperature and 210 K, and decreasing significantly with the spin transition (ca. 4%). The a-axis shows the opposite behaviour, with a relatively smaller overall contraction (ca. 0.6 % in the whole temperature range) and only a slight variation in the region of the spin transition; in particular, an anomalous increase is observed in the a-axis in the low temperature step of the transition (the axial Fe-N bonds are approximately in this direction). The evolution of the lattice parameters can be observed by following the position of the reflections (0 2 2)-bc-plane-and (2 0 0) -a-axis-in the diffraction patterns shown in the inset of Figure 3 -left, while the lattice parameters and cell volume obtained from the fit of the diffractograms are shown in Figure 3 -middle and right, respectively. above the transition) closely resembles the diffractogram at room temperature. Changes in some intensities are observed at 155 K (in the plateau of the spin transition), in particular in the 25° < 2Ө < 30° region, with the pattern appearing as a mixture of those at room temperature and 80 K, where the diffractogram again corresponds with the structure determined by single-crystal diffraction in the LS state at 90 K. The cell volume decreases continuously with temperature, with the contraction being more pronounced in the region of the spin transition. The volume decrease is mainly due to the contraction in the bc-plane, with the b and c axes showing little variation between room temperature and 210 K, and decreasing significantly with the spin transition (ca. 4%). The a-axis shows the opposite behaviour, with a relatively smaller overall contraction (ca. 0.6 % in the whole temperature range) and only a slight variation in the region of the spin transition; in particular, an anomalous increase is observed in the a-axis in the low temperature step of the transition (the axial Fe-N bonds are approximately in this direction). The evolution of the lattice parameters can be observed by following the position of the reflections (0 2 2)-bc-plane-and (2 0 0) -a-axis-in the diffraction patterns shown in the inset of Figure 3 -left, while the lattice parameters and cell volume obtained from the fit of the diffractograms are shown in Figure 3 -middle and right, respectively.
From the magnetic measurements, we can infer that the proportion of iron centres in the HS and LS states in the plateau region is around one-half/one-half (see Figure 1a and Reference [16] ). Nothing in the powder diffraction patterns suggests that these are distributed in an ordered way, which, together with the fact that a single crystallographically independent Fe site is present in both the HS and LS structures, rather supports a scenario with an equal mixture of HS and LS species not ordered at long range, in the same way as in the Fe(pyridine)2[Ag(CN)2]2 compound [15] . In line with this scenario, if we refine an overall "thermal" displacement factor, B, as a function of temperature (together with the cell parameters, but keeping invariant the rest of the structural parameters determined by single-crystal diffraction), we observe an anomalous increase in the region of the plateau of the spin transition (Figure 3-right) , which is consistent with having an average of Fe(II) ions in two different spin states. The spin transition involves a significant change in the Fe-N distance, and therefore the anomalous "thermal" factor is in this case due to positional disorder caused by the presence of HS and LS species in the same crystallographic position. From the magnetic measurements, we can infer that the proportion of iron centres in the HS and LS states in the plateau region is around one-half/one-half (see Figure 1a and Reference [16] ). Nothing in the powder diffraction patterns suggests that these are distributed in an ordered way, which, together with the fact that a single crystallographically independent Fe site is present in both the HS and LS structures, rather supports a scenario with an equal mixture of HS and LS species not ordered at long range, in the same way as in the Fe(pyridine) 2 [Ag(CN) 2 ] 2 compound [15] . In line with this scenario, if we refine an overall "thermal" displacement factor, B, as a function of temperature (together with the cell parameters, but keeping invariant the rest of the structural parameters determined by single-crystal diffraction), we observe an anomalous increase in the region of the plateau of the spin transition (Figure 3-right) , which is consistent with having an average of Fe(II) ions in two different spin states. The spin transition involves a significant change in the Fe-N distance, and therefore the anomalous "thermal" factor is in this case due to positional disorder caused by the presence of HS and LS species in the same crystallographic position. The single-crystal data at 155 K can be interpreted as well as a structure described in the monoclinic P2 1 /c space group, with only one crystallographically independent Fe(II) site. However, the quality of the refinement is poorer as a result of the disorder related with the coexistence of HS and LS states and the presence of twinning. In particular, some atomic displacement ellipsoids present an abnormal shape, due to the uncertainty in the distances, specifically those that are more affected by the change in spin state. In agreement with the powder diffraction results, the a-axis appears anomalously more contracted than at 90 K, although the cell volume follows a continuous decrease with temperature. In the single-crystal data, there are some weak but observed reflections at 155 K of type (h0l) with l = odd, i.e., forbidden by the P2 1 /c space group (unobserved in the powder diffraction data). These reflections would indicate two non-equivalent Fe sites, and some degree of order in the position of the atoms in HS and LS state, although crystal twinning could account (at least in part) for these forbidden reflections. A refinement with the triclinic space group P-1 was also tested. The refined cell has alpha = 90.11(2) • , beta = 91.53(1) • , gamma = 91. 22 (2) • . The results in the P-1 group show very slightly shorter Fe-N distances in one of the two inequivalent Fe sites, being in all cases intermediate between those at room temperature and at 90 K. This can be interpreted as though, most probably, a symmetry breaking occurs in the plateau region implying some order of HS and LS species, but cannot be clearly resolved due to a low degree of long-range ordering (disorder) and twinning. Refining the data in the P-1 group gives very similar results as for the P2 1 /c group, and the use of the less symmetric group is therefore not clearly justified. Then, the most plausible situation is a distribution of HS and LS species with a low degree of long-range order (and probably with some short-range order, but the present diffraction experiments are not sensitive to it). This kind of mostly disordered state has been explained for previously reported examples [15, 29] as a result of competing long and short-range ferroand antiferro-elastic interactions, respectively, between SCO centres, transmitted via the bonds of the polymeric network.
Conclusions
We have investigated the origin of the two-step spin-crossover transition of Fe(3,4-dimethyl-pyridine) 2 [Ag(CN) 2 ] 2 by means of single-crystal and powder X-ray diffraction. The structure has been solved in both high-spin (room temperature) and low-spin states (90 K). The structure is described in the monoclinic P2 1 /c space group, which is maintained across the spin transition, with a single crystallographically independent Fe(II) site. The observations in the plateau region between the two steps of the spin transition (155 K) are compatible with a state between the two steps consisting of an equal mixture of high-spin and low-spin species with a low degree of long-range order.
